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INTRODUCTION 30
Fertilization in flowering plants is the result of a series of complex and stringently regulated 31 events that are initiated when the pollen grain is received by the stigma of a pistil. In the case 32 of a compatible interaction, the pollen grain hydrates and germinates to initiate growth of a 33 pollen tube. Pollen tubes consist of a single, large, vegetative cell carrying two sperm cells in 34 its tipthe leading segment of the pollen tube. The growing pollen tube penetrates the stigmatic 35 cell layers and elongates through the transmitting tissue of the style towards the ovary. Upon 36 reaching an ovule, each pollen tube releases its two reproductive cells. One sperm cell fuses 37 with the egg cell to form the embryo while the second sperm cell fuses with the central cell to 38 form the endosperm (Heslop-Harrison, 1987; Taylor and Hepler, 1997; Lord and Russell, 39 2002) . 40
Pollen germination (PG) and pollen tube growth are critical processes during plant 41 reproduction. The initial pollen germination PG is under complex control with the major 42 regulator being Rop, a GTPase from the Rho family (Fu and Yang, 2001 ) that also regulates 43 the Ca 2+ -dependent pollen tube growth and actin cytoskeleton organization (Zheng and Yang, 44 2000; Fu et al., 2001) . Pollen tube growth, as a critical step in fertilization underlies a highly 45 complex multilayer regulation (Qu et al., 2015) . The speed of pollen hydration and pollen 46 tube germination is variable and can occur within minutes or may take up to 1 hour, 47 depending on the degree of pollen desiccation. The pollen tube is the fastest growing plant 48 cell with growth rates of up to 1 cm h -1 (Barnabas and Fridvalszky, 1984; Jahnen et al., 1989) . 49
Growth of pollen tubes occurs via tip growth, where with new membranes and cell wall 50 materials are produceddeposited at the front tip of the tubes. Pollen tube growth is an 51 extremely energy-consuming process, that is initially fueled by mobilization of storage 52 material of the pollen grain followed by the use of components present in the transmitting 53 selected NtcwINV2:NtCIF lines representing low (NT51-17), medium (NT51-1) and relatively 165 high (NT51-6) pollen germinationPG efficiency, respectively. 166
The determination of uptake rates for 14 C-Suc showed clear differences between pollen 167 from wild-type and NtcwINV2:NtCIF plants. While the uptake rate was 5.63 nmol min -1 168 million pollen -1 for the wild-type, the rates were significantly lower in pollen from 169
NtcwINV2:NtCIF plants. The uptake rates ranged from 3.24 nmol min -1 million pollen -1 for 170 NT51-6 and 1.28 nmol min -1 million pollen -1 for NT51-1 to 1.17 nmol min -1 million pollen -1
171
for NT51-17 ( Fig. 2) , demonstrating that the Suc uptake rates strongly correlated (correlation 172 coefficient of 0.94) with the germination efficiencies (Table I) indicating the importance of 173 functional invertase activity for pollen germinationPG. Since asymmetrically labeled Suc was 174 used, competition experiments were carried out to verify the assumed cleavage of Suc prior to 175 uptake via monosaccharide transporters. The uptake of 14 C-Suc was competitively inhibited 176 only in part by an excess of unlabeled 12 C-Glu (Fig. 2) , indicating that only a fraction of the 177 disaccharide is cleaved by cwINV prior to the uptake of the cleavage products via 178 monosaccharide transporters, whereas a certain amount of Suc is directly imported . In wild-179 type pollen only 40% of the uptake was competitively inhibited by an excess of unlabelled 180
Glu, representing the proportion of Suc cleaved by cwINV and sugar uptake via 181 monosaccharide transporters. Thus, 60% of the exogenously available Suc is imported 182 directly by Suc transporters without prior cleavage, indicating that two types of uptake 183 pathways occur simultaneously. This is in agreement with the identification of a Suc 184 transporter that is expressed in anthers and growing pollen tubes of tobacco (Lemoine et al., 185 1999) . In contrast to wild-type pollen, the degree of competition of 14 C-Suc uptake by 186 unlabelled Glu was lower in pollen from NtcwINV2:NtCIF plants. The degree of competitive 187 inhibition of 14 C-Suc uptake varied between 37% in NT51-6, 29.9% in NT51-1 and 16.5% in 188 NT51-17. The degree of competitive inhibition of sugar uptake by unlabeled Glu was 189 inversely correlated to the reduction in cwINV activities (Suppl. Fig. S1 ) and the germination 190 efficiencies (Table I ). In pollen with the highest reduction in cwINV activity the fraction of 191 direct uptake of sucrose without cleavage is maximal. Thus the analysis of the degree of 192 competition of the Suc uptake by Glu revealed the relative contribution of a pathway 193 involving extracellular cleavage of Suc in supplying carbohydrates to the germinating pollen 194 versus the direct uptake of Suc. 195
The measurement of the uptake of 14 C-Glu into pollen showed that the reduced cwINV 196 activity in pollen from NtcwINV2:NtCIF plants had no effect on hexose transporter activity in 197 two (NT51-1 and NT51-6) out of the three lines (Fig. 2) . The mean uptake rate into pollenboth from wild-type and NtcwINV2:NtCIF plants was about 3 nmol million pollen -1 min -1 . In 199 contrast, even Glu uptake was severely impaired in pollen of line NT51-17 (1.11 nmol million 200 pollen -1 min -1 ). This general and extreme limitation of carbohydrate supply could be the 201 explanation for the poor pollen germinationPG observed for this line, which could be 202 associated with a signaling role of the metabolic invertase activity itself (Albacete et al., 203 2011) as particularly suggested for a cwINV in maize seed development (Cheng and Chourey, 204 1999; Ruan, 2014) . 205
The sugar uptake measurements demonstrate that two pathways for import of 206 exogenously supplied Suc operate in parallel: uptake of Suc via the hexose monomers after 207 cleavage by cwINV and direct uptake of Suc. When cwINV is inhibited the potential to 208 import sugars is reduced, causing reduced germination rates, thus demonstrating the 209 requirement for extracellular Suc cleavage despite the presence of a second pathway for Suc 210 uptake. 211
212

Cloning of anther specific hexose transporters from tobacco Hexose transporters 213
NtMST2 and NtMST3 are expressed in germinating pollen and growing pollen tubes 214
215
The uptake of extracellular sugars as an important process within pollen germinationPG and 216 tube growth as described above depends on the function of diverse transporter proteins, which 217 in several plant species have been described to be essential for pollen related processes 218 (Hirose et al., 2010; Cheng et al., 2015; Eom et al., 2015 shows the highest similarity to the sugar transporter STP11 from Solanum lycopersicum 239 which specifically clustered together with pollen specific Arabidopsis STPs (Reuscher et al., 240 2014) . The NtMST3 sequence showed the highest similarity to the hexose transporter Pmt1 241 from Petunia hybrida that is strongly expressed in pollen and is thought to play a role during 242 pollen germinationPG in P. hybrida (Ylstra et al., 1998) . Thus both transporters show a 243 particular high sequence identity to monosaccharide transporters from other species which are 244 potentially related to pollen function. To analyze the tissue specificity of the partially cloned hexose transporters, RNA gel 248 blot analysis was performed using specific cDNA probes for NtMST2 and NtMST3. The RNA 249 gel blots revealed a highly specific expression pattern of both monosaccharide transporters in 250 flower organs (Suppl. Fig. S2A ). Whereas NtMST2 was exclusively expressed in anthers, 251
NtMST3 was expressed both in anthers and petals. Thus, the two cloned hexose transporters 252 are appropriate candidate monosaccharide transporters to be functionally linked with cwINVs 253 for supplying carbohydrates during pollen development and germination via an apoplasmic 254
pathway. 255
To gain insight into the physiological role of the two cloned anther specific hexose 256 blue. This callose staining revealed that the germination of the pollen on the stigma begins 2 278 hours after pollination (Fig. 3A) . After 4 hours the pollen tubes were observed in the upper 279 part of the pistil, in the stigma, and they began to enter the transmitting tissue of the style (Fig.  280   3B ). 24 hours after pollination, the pollen tubes had reached the basal part of the style by 281 progressing through the peripheral part of the transmitting tissue ( Fig. 3C and D) . 282
To determine the localization of cwINVs by immunocytochemistry a polyclonal 283 antibody raised against a conserved region of tobacco cwINVs was used (Goetz et al., 2001) . 284
Prior to pollination, no immunosignal was detected ( Fig. 3E and F) , neither in the stigma (St) 285 nor in the transmitting tissue (Tt). 2 hours after pollination, i.e. when the first pollen grains 286 began to germinate, a weak immunosignal was found to be present both in the cells of the 287 stigma and in the pollen grains, whereas no signal was detected in any other part of the style. 288
Thereafter, 4 hours after pollination, a strong invertase immunosignal was observed in the 289 stigma and in the upper part of the style where the pollen tubes are growing (Fig. 3G) . No 290 invertase signal was observed at that time in the basal part of the style. After 24 hours, 291 incubation with the NtcwINV2 (Nin88) antibody resulted in a signal in the cells of the female 292 tissue, the cortex and transmitting tissue (Fig. 3H) , and in the growing pollen tubes (Fig. 3I,  293 arrowhead), but not any longer in the stigma. In the transmitting tissue (Tt), the signal was 294 only localized in the transversal cell walls (Fig. 3H, arrowheads) . 295
To complement the immunohistochemical data, whole-mount in situ hybridizations 296 were carried out. The mRNA of NtcwINV2 (Nin88) was only found to be localized in the 297 pollen grains and pollen tubes (Fig. 3J and K) . No signal was detected in any cells of the pistil 298 at any time, which is in contrast to the immunolocaliszation data. In order to also elucidate the 299 in vivo function of the two novel hexose transporters NtMST2 and NtMST3 after pollination,expression of any of the two genes was detected (Fig. 3L ). 4 hours after pollination only the 302 presence of the mRNA for NtMST3 (Fig. 3O ) was detected in the growing pollen tubes while 303 no signal was detected for NtMST2 (Fig. 3M) , and 24 hours after pollination, signals for both 304 hexose transporter genes were detected in growing pollen tubes ( Fig. 3N and P), with stronger 305 expression of NtMST3 (Fig. 3P) . No signal for the mRNAs for either of the two 306 monosaccharide transporters genes was detected in any cells of the style. The highly specific 307 expression of these two hexose transporter genes in growing pollen tubes shows that these 308 pollen tubes import monosaccharides present in the transmitting tissue of the style. 309 310
Identification of additional tobacco invertases involved in pollination 311
As the in vivo analyses of cwINVs using NtcwINV2 (Nin88)-derived probes described above 312 did not identify the invertases present in the maternal tissue, we addressed the function of 313 other known invertases in this tissue. Initially, blot analyses were performed with RNA 314 derived from whole flowers and anthers of different stages, pollen tubes as well as pollinated 315 and non-pollinated styles and probes for the known NtcwINV1 to 6 and the vacuolar 316 invertases (vacINVs) NtvacINV1 and 2, respectively (Fig. 4) . The examination of NtcwINV2 317 (Nin88) by RNA gel blot revealed the increase of the steady state level in the growing anther 318 with a maximum level in matured anthers and pollen tubes as was previously described 319 (Goetz et al., 2001; Hirsche et al., 2009 ). Transcripts in non-pollinated styles are not evident, 320 while in pollinated styles a moderate transcript level was detected. A comparable expression 321 pattern was found for NtcwINV3 and, with a lower intensity for NtcwINV1. Due to the high 322 sequence similarities of these three NtcwINVs, unspecific detection of their transcripts by the 323 individual probes has however to be considered. In contrast to the expression patterns of 324 NtcwINV1 to 3, no transcripts of NtcwINV4 and NtcwINV6 have been detected in the tissues 325 investigated. Interestingly, a highly specific expression of NtcwINV5 in the style has been 326 identified. Additionally, both the NtvacINVs showed expression in non-pollinated and 327 pollinated styles, while particularly NtvacINV1 transcripts have also been detected in anthers 328
and NtvacINV2 transcripts in pollen tubes (Fig. 4) . 329
The expression patterns of NtcwINV5 as well as NtvacINV1 and 2 thus indicated them 330 as promising candidates for important in vivo function during pollination processes which is 331 in agreement with the recently identified role of vacINV in cotton floral organ development 332 and fertility (Wang and Ruan, 2016) . To address this in more detail, we performed additionalpollination) and non-pollinated pistils with a specific localization to the transmitting tissue 336 (Fig. 5A and B) . The presence particularly in the transmitting tissue (Tt) could indicate an 337 important role of this invertase for the external supply of hexoses to the growing pollen tube. 338
The presence of NtcwINV5 in non-pollinated pistils however indicates a general function in 339 the carbon metabolism of this tissue. In contrast, mRNAs of both NtvacINVs were only 340 detected in pollinated ( Fig. 5D and F) , but not in non-pollinated pistils ( Fig. 5C and E ) 341 indicating their specific function during pollination. While NtvacINV1 was specifically 342 localized in the transmitting tissue (Fig. 5D) , NtvacINV2 was detected in the transmitting 343 tissue as well as in the cortex (Fig. 5F ). These differences in the localization of the two 344
NtvacINVs indicate specific functions of the two isoforms during pollination. 345
As invertases are also tightly regulated by proteinogenous inhibitors, we 346 complemented the in situ analyses by hybridizations for the tobacco invertase inhibitor NtCIF 347 (Greiner et al., 1998) to identify potential posttranslational regulation of the detected 348 invertases ( Fig. 5G and H) . NtCIF transcripts were not detected in either non-pollinated or 349 pollinated pistils, indicating that the regulation of invertases during tobacco pollination is not 350 mediated by inhibition of their specific enzymatic activities. There is increasing experimental evidence for a regulatory role of sugars for gene regulation 355 and developmental processes in higher plants. The substrate and products of invertases seem 356 to be of particular importance as metabolic signals in the plant kingdom (Borisjuk et al., 2004; 357 Gibson, 2005; Ruan, 2014) . To gain insight into the role of sugars in the metabolic regulation 358 of pollination, in vitro tobacco pollen germinationPG was compared between germination 359 medium containing Suc and Glu, respectively. The germination efficiency in the presence of 360 10% Glu or 10% Suc was 53.8% and 53.3%, respectively, demonstrating that Glu alone is 361 sufficient as carbon source to induce pollen germinationPG. When Glu was added to the Suc-362 containing medium, an increase in germination efficiency was observed in a dose-dependent 363 manner. The germination efficiency increased to 72% in the presence of 0.01% Glu and to 364 81.9% with 0.14% Glu, revealing that pollen germination PG was stimulated by Glu. Thus, 365 when invertase activity was inhibited, the low amount of Glu available to support germination 366 led to a reduced pollen germinationPG, which is in agreement with the analysis of pollen fromsubsequent pollen tube growth. Pollen were germinated in the presence of Glu, Suc and other 370 sugars individually or in combinations, and the length of individual pollen tubes were 371 determined after 2.5 hours ( Fig. 6; Suppl. Fig. S3 ). The size distribution of pollen tubes in the 372 presence of 10% Glu showed that about 80% and thus a vast majority of the pollen tubes did 373 not exceed 100 μm (Fig. 6A) . In contrast, in medium containing 10% Suc, 80% of pollen 374 tubes were longer than 100 μm and even reached maximal lengths of more than 1000 µm 375 (Fig. 6B) , resulting in a significantly increased average pollen tube length (Fig. 6E) . 376
Furthermore the addition of Suc in the range of 0.05% to 2% to the 10% Glu-containing 377 medium was sufficient to cause a shift to longer pollen tubes. The effect of such small 378 amounts of This suggests that Suc could indicate a potential function is required as 379 developmental signal in addition to its function as nutrient during pollen tube growth (Suppl. 380 disaccharide-specific sugar sensing has been obtained using these non-metabolizable Suc-386 isomers (Loreti et al., 2000; Fernie et al., 2001; Sinha et al., 2002) . Supplementing the 10% 387
Glu-containing medium with 0.1% Pal was sufficient to promote elongation of the majority of 388 the pollen tubes (Fig. 6C ) and thus causing a significantly increased average pollen tube 389 length (Fig. 6E) . Pal concentrations between 2% and 0.05% were sufficient to elicit the shift 390 in size distribution compared to the medium only containing 10% Glu (Suppl. Fig. S3C ). Also 391 by supplementing the 10% Glu-containing medium with the alternative Suc-isomer Tur a shift 392 in pollen tube length was observed, which however was less pronounced as compared to the 393 addition of Suc or Pal (addition of 2% of the individual disaccharide; Suppl. Fig. S3A ). These 394 data resulting from the addition of Pal, Suc and Tur strongly support the requirement 395 forfunction/presence a disaccharide signal to promote the growth of the pollen tubes. To 396 further substantiate that a disaccharide-specific sensing is required for pollen tube growth, 397 theThis was further substantiated by the effect of mannoheptulose (Mhl) has been tested that 398 which specifically inhibits hexokinase that was shown to be involved in certain hexose-basedrather based on disaccharides. and generating metabolic signals (Sturm, 1999; Wobus and Weber, 1999; Roitsch et al., 2003; 408 Roitsch and González, 2004; Koch, 2004; Albacete et al., 2011; Albacete et al., 2014) . 409
Previously, an essential role of cwINV activity in male gametophyte development has been 410 functionally demonstrated for tobacco (Goetz et al., 2001) , tomato (Proels et al., 1996) , 411 A crucial function of cwINVs in providing carbohydrates for the male gametophyte 424 development was supported by the identification of anther-specific isoenzymes in Vicia faba 425 (Weber et al., 1996) , lily (Clément et al., 1996) , maize (Xu et al., 1996; Kim et al., 2000) , 426
tomato (Godt and Roitsch, 1997), potato (Maddison et al., 1999) , and tobacco (Goetz et al., 427 2001). All these cwINV genes were induced during anther development, but their expression 428 during pollination has not been studied so far. Pollination is initiated by germination of the 429 pollen on the stigma followed by a rapid growth of the symplastically isolated pollen tube 430 through the transmitting tissue of the style. The present study demonstrates the spatiotemporal 431 and tissue-specific regulation of invertases during pollination. 432
Various CcwINVs were shown to be expressed during in vivo pollination as well as 433 during in vitro pollen germinationPG as evidenced by cwINV2 expression. Since thewhereas after 4 hours a strong signal was observed (Fig. 7) . The presence of a 'lag phase' is 439 consistent with the hypothesis that the initial events of pollen germinationPG are sustained by 440 internal reserves, stored during pollen development, as initial pollen tube growth is 441 autotrophic followed by a switch to heterotrophic growth (Read et al., 1993) . When 442 endogenous resources are exhausted, carbohydrates required to sustain pollen tube growth 443 need then to be imported, which can be mediated by cwINVs cleaving Suc into hexoses, 444 which are imported. 445
The requirement of extracellular cleavage of the transport sugar Suc for pollen 446 germinationPG is further substantiated by the finding of strongly impaired pollen 447 germinationPG when cwINV activity was specifically reduced either by the tissue-specific 448 over-expression of a tobacco invertase inhibitor (Weil et al., 1994; Greiner et al., 1998) or 449 alternatively by addition of the chemical invertase inhibitor miglitol (Schäfer, 2012) . 450
Expression of the proteinogenous invertase inhibitor NtCIF under control of the NtcwINV2 451
(Nin88) promoter resulted in the generation of fully developed pollen that were characterized 452 by a low cwINV activity and low germination efficiency. These results are distinctly different 453 from the effect of NtcwINV2 (Nin88) antisense repression (Goetz et al., 2001) , despite the use 454 of the same promoter. Whereas pollen from Nin88 antisense plants were arrested very early in 455 development before pollen mitosis II, NtcwINV2:NtCIF pollen development was apparently 456 not as strongly affected and the reduced invertase activity particularly affected pollen 457 germinationPG. The fact that pollen development is not severely affected by NtCIF may be 458 due to high local Suc concentrations protecting cwINVs against the inhibition. This substrate 459 protection has been described for the tobacco invertase inhibitor protein before (Sander et al., 460 1996; Greiner et al., 1998) , thus cwINV activity seems to be lessmay only be slightly affected 461 to maintain male and female fertilities (Wang and Ruan, 2016) . Already very early after the 491 pollen interacts with the stigma, an invertase immunosignal was detected beneath the stigma 492 together with NtcwINVs in growing pollen tubes in a spatiotemporally similar/coordinated 505 manner, supporting their functional coupling (Fig. 7) . Their activity was demonstrated by the 506 measurement of Glu uptake into germinating pollen. Also the pistil-INVs expressed in the 507 maternal tissue may contribute to the generation of hexoses that are subsequently imported by 508
NtMST2 and NtMST3 into the growing pollen tubes indicating their important function in 509 maintaining pollen tube growth similar to STP10 in Arabidopsis (Rottmann et al., 2016) . 510
Suc uptake measurements demonstrated that in addition to cleavage and uptake of 511 hexoses Suc is also imported directly into germinating pollen (Fig. 7) vitro germination experiments showed that Glu is sufficient as a carbon source for the process 529 of pollen germination PG but Suc was required as metabolic signal for pollen tube growth 530 (Fig. 7) . The importance of Glu for pollen germination PG is supported by lower germination 531 rates when cwINV activity and subsequently the generation of hexoses is reduced. Pollen 532 germination PG is a highly energy-consuming process that begins with pollen hydration 533 (Franklin-Tong, 2002) . Pollen hydration induces metabolic activities in the pollen grain which 534 become highly polarized after cytoskeleton and cytoplasmic rearrangements, prior to the 535 emergence of the pollen tube. CwINV activity is required to provide Glu as carbon source for 536 these processes. Glu could potentially also acts as signal to initiate pollen germinationPG, 537 since Glu has been identified as a signaling molecule implicated in the control of various plantelongation requires Suc as metabolic signal. Pollen tube growth was already supported by the 541 addition of low concentrations of Suc (0.05 to 2%) to Glu-containing medium, which 542
indicates that Suc may also act as metabolic signal rather than (only) as carbon source, a 543 function which is indicated for other processes of plant growth and development (Ruan, 2012; 544 Lastdrager et al., 2014) . The signaling function of disaccharides in this aspect is supported by 545 similar results of longer pollen tubes after addition of the Suc-isomers Pal or Tur to Glu-546 containing medium. Both isomers are neither cleaved by invertases nor imported into plant 547 cells (Loreti et al., 2000; Fernie et al., 2001; Sinha et al., 2002) indicating extracellular 548 sensing of this metabolic signal. A disaccharide signaling pathway is further supported by 549 experiments using Mhl as inhibitor of hexokinase-dependent Glu-sensing pathways which did 550 not affect the Pal-supported pollen tube growth. A hexokinase-independent Suc-signaling 551 pathway has also been identified in the regulation of radicle elongation in carrot embryos 552 (Yang et al., 2004) . Also Arabidopsis pollen tubes were only able to elongate in Suc-553 containing medium indicating that Suc is required as signal for pollen tube elongation beyond 554 the function as carbon source in other species as well (Stadler et al., 1999) . The regulatory 555 role of Suc is further supported by the finding that Camellia pollen tube growth is stimulated 556 by oligosaccharides susceptible to invertases (Nakamura et al., 1991) . 557
558
Metabolic regulation of tobacco pollination by carbohydrates 559
Our data reveal a highly spatiotemporal and tissue-specific regulation of different Ntcw and 560 Suc present in the female tissue which serve as carbon source for the growing pollen tube, but 581 also as carbohydrate signal molecules potentially involved in pollen tube guidance similar to 582
NtvacINVs as well as monosaccharide transporters
Glu function in pearl millet (Reger et al., 1992) . This suggests a metabolic crosstalk between 583 pollen tubes and the cells of the transmitting tissue. Alternatively the generated 584 monosaccharides could serve as substrates for the generation of glycoproteins and extensions 585 that have been implicated to be involved in pollen tube guidance (Higashiyama et al., 2003) . 586
An additional role of maternally expressed invertases could be related to sporophyte self-587 incompatibility by regulating the availability of sugars both as nutrients, metabolic signals and 588 substrates for the glycoproteins that were shown to be involved (Cruz et al., 2005) . 589
The present study provides further evidence for the close relation between 590 carbohydrate metabolism and sugar signaling as basis for a multilayer regulation of 591 developmental and growth processes in general and pollination in particular. 592
593
MATERIAL AND METHODS 594
pollen tubes, the samples were resuspended in 550 µL of RNA-denaturing solution and, after 607 adding 700 µL of glass pearls, vigorously shaken for approximately 25 min. The supernatant 608 was collected by centrifugation, and subsequently used for RNA extraction. 609 RNA gel blot was performed as described (Godt and Roitsch, 1997) by using 610 radioactively labelled specific probes. The cloned cDNA fragments of NtcwINV1 to 6, 611
NtcavINV1 and2, as well as NtMST2 and NtMST3 were labelled by using a random primer 612 DNA-labelling kit (MBI Fermentas, St. Leon-Rot, Germany) . 613 614
Partial cloning of NtMST2 and NtMST3 615
RNA from anthers was reverse-transcribed to cDNA using random hexamer primers. The 616 degenerated primers NtMST-F 5'-GGWTTYGGWRTWGGWTTYGCWAAYCA-3' and 617
NtMST-R 5'-WGGDATWCCYTTDGTYTCWGG-3' which bind to conserved regions of 618 known monosaccharide transporters were used to obtain amplicons of approx. 1 kb by PCR. 619
Sequencing identified two different amplicons designated NtMST2 (1002 bp; accession 620 KT240187) and NtMST3 (1000 bp; accession KT240188) following the nomenclature for 621 tobacco monosaccharide transporters by Sauer and Stadler (1993) . 622
623
RNA in situ hybridization 624
For NtcwINV2 (Nin88), NtMST2 and NtMST3 mRNA localizations a whole-mount adapted 625 technique from de Almeida Engler et al. (1998) was used. Briefly, fixed materials were 626 sectioned (70 m) with a vibratome, washed twice in PBS then in methanol and finally 627 incubated for 2 days at -20°C in absolute ethanol. After prehybridization, hybridization was 628 carried out with a digoxigenin-labeled cRNA probe (500 g x mL -1 ) at 57°C for NtMST2 andImmunolocalization for cwINV proteins was done as described previoulsly (Goetz et al., 643 2001) , using an antibody raised against a conserved region of cwINVs based on NtcwINV2 644 (Nin88). Sections incubated without the primary antibody were used as controls as 645 represented in Suppl. Fig. S4H . 646
Sugar uptake measurements 648
The sugar uptake measurements were basically performed as described by Roitsch and Tanner 649 (1994) . Pollen were resuspended in the premix to a concentration of about 100,000 to 200,000 650 pollen x 100 µL -1 . For Glu measurements, the premix used was composed of 50 mM Glc and 651 0.8 µC 14 C-Glc in 50 mM MES; for Suc measurements, the premix used was composed of 652 500 mM Suc and 0.8 µC 14 C-Suc in 50 mM MES buffer. For the competition experiment, a 653 premix of 500 mM Suc, 0.8 µC 14 C-Suc, and 1 M Glc in 50 mM MES buffer was used. 654
For each measurement 200,000 to 400,000 pollen were resuspended in the appropriate 655 premix and 100 µL were immediately sampled as time point 0. For sampling, the pollen were 656 pipetted into 1 mL of water, filtered and washed with two volumes of water. The filter with 657 the pollen was then transferred into a scintillation-glass, which contained 5 mL of scintillation 658 cocktail. The remaining pollen were incubated for 30 min at 25°C. After this time 100 µL 659 were sampled as described above. To determine the over-all activity, 100 µL of the premixes 660 was directly added to 5 mL of scintillation cocktail and counted in a scintillation counter. 661 and tube growth, 20 mM miglitol was added to germination medium with or without 1% Suc. 675
Photographs of 3 randomly selected microscope fields from 3 independent aliquots with more 676 than 100 pollen were determined per individual experiment. 677
Invertase activity measurements 680
Non-germinated and germinating pollen were prepared for invertase extraction as described 681 before (Hirsche et al., 2009 ) and invertase activity was determined in enzymatic assays 682 according to Jammer et al. (2015) . 683
684
Statistical analysis 685
Statistical analyses were performed based on unpaired Student's t-test on datasets derived 686 from in minimum three independent biological replicates. P values ≤ 0.05 were considered 687 significant and used as basis for significance groups indicated by individual letters; *, **, and 688 *** indicate significant differences at the 0.05, 0.01, and 0. 68.1 (± 2.9) ** 23.4 (± 8.0) * 75.8 (± 11.9) NT51-17 84.6 (± 1.5) 5.7 (± 3.6) ** 36.8 (± 2.9) *** Germination and development rates are given as percentage of vital pollen. The germination rate is the percentage of pollen that were able to form a pollen tube during an in vitro pollen germination PG assay. The development rate was determined under the light microscope by the phenotype of the pollen. Values represent the means (± SEM). *, **, *** indicate significantly difference to wild-type at the 0.05, 0.01, and 0.001 levels of confidence, respectively. 
